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ADDENDUM TO NASA CONTRACTOR REPORT

NASA CR-61192
January 1968

REVIEW OF RAWINSONDE REDUCTION METHODS
By

R. S. Wheeler, The Boeing Company

RE: Section 4, "Conclusions and Recommendations,'" (see Figures 4-2 and
4-3) pp. 4-1 through 4-8

The cyclic variation in the winds depicted in Figures 4-2 and 4-3
of CR 61192 has now been investigated. This error was caused by a pro-
blem with the NASA Atmospheric Research Facility's AN/GMD-2A Rawinsonde
System, specifically, the comparator, which provides the range measure-
ments. A difficulty in the electromechanical linkage induced a cyclic
variation in its turning rate. The periodicity of this variation was
shown to be approximately three minutes per cycle, the same as that
observed in the reduced GMD-2A winds and balloon rise rates. The pro-
blem has now been corrected.

When the AN/GMD-2A equipment at the Mississippi Test Facility was
checked, it worked perfectly with no cyclic error present. Apparently,
the fault is not common to all GMD-2 sets. It is believed that a bent
drive shaft, or other cause of binding, is responsible in those sets
which produce these variations.




PREFACE

This document has been prepared by the Post Flight Trajectories Group to
satisfy the technical requirements specified by Data Requirement Descrip-
tion SE-665, Exhibit CC, Contract NAS8-5608, Schedule I1II, Part 11, Sec-
tion A, Task 8.1.7. The task was performed in support of the Aerospace
Environment Division, Envirommental Applications Branch (R-AERO-YE),

with Mr. John Kaufman as the Marshall Space Flight Center Technical
Monitor.
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Rawinsonde reduction techniques oriented specifically for computer opera-
tion are reviewed and evaluated. Equations and flow charts are used to
facilitate the description of the reduction procedures.

An error study is performed on rawinsonde data to determine accuracies of
the tracking and sounding data. An optimal estimation technique is used
to compare tracking accuracies of two of the types of rawinsonde systems,
the AN/GMD-1, and the AN/GMD-2A systems.

Comparison of various reduction techniques for temperature, humidity, and
wind values are made to determine which best suits an accurate, computer-
oriented reduction program. Incorporated in this comparison are tests to
determine the best technique for digitally filtering the tracking data.

Recommendations are presented in a general fashion in order that the re-
duction program may be tailored to specific needs and instrumentations.
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SECTION 1
INTRODUCTION
1.0 GENERAL

The Atmospheric Research Facility at Marshall Space Flight Center, NASA,
conducts rawinsonde observations aperiodically in connection with far-field
sound propogation studies, vehicle engine tests, and other various re-
search requirements. Two types of rawinsonde systems are employed for
these observations. One of these is the AN/GMD-1 system, hereafter re-
ferred to as the GMD-1, and the other is the AN/GMD-2A, hereafter referred
to as GMD-2. GMD-1 employs an AN/AMT-4( ) type of radiosonde and GMD-2
employs an AN/AMQ-9 type of radiosonde. Data acquired from either system
is reduced by digital computer to output the thermodynamic and kinematic
properties of the atmosphere. The purpose of this report is to review
various computer techniques of reduction, evaluate them and to set forth
the procedures that give the best results to meet the requirements of the
Atmospheric Research Facility.

The coordinate convention of this report differs from that used in most of
the documents referenced in this study. Therefore, Paragraph 1.1 of this
section is devoted to a definition of the coordinate system, the reason
for its use, and its relevance to balloon motion and winds.

This report also includes a study of the errors affecting the data from
each system. These errors are determined and the methods of diminishing
their effects are discussed. These methods include data editing, smoothing
by digital filters, and exclusion of frequency content by altering the rate
of sampling. Paragraph 1.2 is added to this section as an aid to the
reader by introducing these methods and briefly reviewing the consequences-
of their usage.

1.1 WIND COORDINATE SYSTEM

The coordinate system used in this report is an orthogonal, curvilinear,
nonrotating (earth-fixed) system whose origin is the center of the tracking
antenna of the rawinsonde and whose horizontal distances are measured on
the surface of the reference sphere. This reference sphere is concentric
with an assumed spherical earth, and its radius is the distance from the
center of the earth to the center of the antenna. This coordinate system
is a modification of “Standard Coordinate System 10 - Earth-Fixed Launch
Site" in accordance with the coordinate system standards set forth by
NASA for Project Apollo (Reference 1). Winds are defined as the time de-
rivatives of the balloon's displacement on the surface of the reference
sphere. Height of the balloon is everywhere measured along radials of the
reference sphere and are given in terms of height above sea level simply
by adding the height of the antenna above sea level to the height of the
balloon above the surface of the reference sphere.

1-1
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1.1 (CONTINUED)

It should be noted that obtaining winds from the balloon's displacement

on the surface of the reference sphere is not in agreement with current
procedure which is to refer horizontal displacement to the changing sphere
whose surface is always through the centerline of the balloon. This
current procedure introduces an error in the winds because of the diver-
gence of radials with increasing height. Utilizing the fixed reference
sphere through the antenna eliminates apparent motion due to diverging
radials. Hence, the fixed reference sphere has been adopted.

1.2 METHODS TO MINIMIZE DATA ERRORS

Smoothing by digital filters, altering the frequency content of a set of
data by changing the sampling rate, and data editing are methods by which
data may be treated to minimize the effect of errors contained within the
data. Digital filters have the advantage of sharply delineating between
disjoint sets of variability when the frequency band limits of these
variabilities can be attributed wholly to either significant signal or to
the "noise" of random errors. Digital filters also penalize the observa-
tions through the loss of data points from each end of the sets of data
called observations or rawinsonde runs. Decreasing the sampling rate also
costs data points, but the scope of the run remains unchanged. However,
the lower sampling rates provide no sharp delineation between frequencies.

Systematic and bias errors are also investigated. Some of these will be
detected and corrected in the data editing procedures, but most of them
will pass undetected into the data ready for reduction. Unless systematic
errors are cyclic, they will not be affected by the application of digital
filters nor by changing the sampling rate. If the true variances in
measurement of the data are known, the application of estimation theory to
overdetermined coordinate positions of the radiosonde transmitter (here-
after referred to as the balloon coordinates - although a slight misnomer)
can minimize the variances and optimize the results. Application of esti-
mation theory is discussed and also the means by which the coordinates may
be overdetermined.

Variations in the wind reduction procedures are suggested. This paper re-
ports an the results and provides comparisons for an evaluation of these
variations. In these comparisons a certain phenomenon observed in wind
profiles determined from GMD-2 data is noted. The scope of this paper
does not permit a thorough investigation of this phenomenon, but some con-
jectures as to its cause are presented.

1-2
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SECTION 2
RAWINSONDE DATA - COMPUTER REDUCTION FORMULAE
2.0 GENERAL
2.1 FORMULAE

For either GMD-1 or GMD-2 raw data, the thermodynamic properties of the
atmosphere such as temperature, humidity, vapor pressure and virtual
temperature must be calculated to derive the quantities required in the
final output. Hence, the formulae and procedures given in this paragraph
are common to either GMD-1 or GMD-2 data.

The data editing technique is accomplished by listing the raw data and
then visually examining it for logical consistency. Because GMD-1 data
are manually keypunched, punching errors can be found and corrected be-
fore any data reduction is attempted. GMD-2 data are punched automati-
cally by the Automatic Data Processing unit, so visual examination mainly
confirms temperature and humidity inversions by comparison with the re-
cord of temperature and humidity ordinates from the recorder. Decreases
in slant range are also noted and checked for consistency with changes in
elevation angle.

2.1.1 Temperature

Temperature is derived from the ratio of resistance of the temperature
element at the baseline temperature to the resistance of the element at
the ambient temperature. The baseline temperature is the stabilized tem-
perature in the chamber in which the radiosonde is calibrated and condi-
tioned prior to balloon release. The temperature, t, in degrees Celsius
is given by the empirical relationship:

0.19
= £ -
t= (170 + tb){Rt} 170 (2.1)

where t, is the measured baseline temperature, R, the resistance of the
element at baseline temperature, and Ry the resistance of the element
at temperature t. Rc is found by:

7
_237 x 10" 5
R = Sggt—— - 115 x 10 (2.2)

where db is the recorder division or ordinate for the temperature in the
chamber during the baseline check, and Rt:

_ 2.137 x 10’
-,

t

R - 1.125 x 10° (2.3)

t

2-1
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2.1.1 (Continued)

where dt is the recorder division when the temperature element is at tem-

perature, t. The absolute temperature, T, is given by T =t + 273.15
in degrees Kelvin,

2.1.2 Humidi ty

The relative humidity is derived for the carbon type sensing element from
empirical formulae involving a calculated relative humidity at a tempera-
ture of -40°C and corresponding to a humidity ordinate from the recorder

of 46 recorder divisions. This calibration humidity, fc’ is derived from

the baseline check relationship set into the CP-223A/UM calculator. A
preliminary value of relative humidity, f40, ijs first determined employing

different sets of constants dependent on whether the term involving the
difference between 46 ordinates and the given humidity ordinate, df, is

positive or negative. This preliminary humidity is then adjusted by an
amount which is a function of the humidity ordinate and the difference
between the ambient temperature (in degrees Celsius) and -40°C. Thus the
relative humidity, U, is given in percent as follows:

and f40, the intermediate value, is derived from:
46 - df a
f40 = fc + l_'c‘— (b) (2.5)
when (46 - df) > 0:
46 - df
a=1.66+ —-3—3———
b =100 - fc
f
_ C
C = 64.8 - 2.51
and when (46 - df) < 0:

46 - df
a=0.5-—g—

o
"

10 - fc

2-2
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2.1.2 (Continued)

f
c =T.‘§5" 5.198

If ambient temperature is colder than -40°C in the formula for U (Equa-
tion 2.4), the temperature correction term becomes imaginary. Hence, no
temperature correction is applied if the term (t + 40) < 0, and U = f40.

2.1.3 Vapor Pressure

The percent relative humidity of the saturation vapor pressure at any
given temperature is the actual partial pressure of the water vapor con-
tent of the atmosphere. Based on Teten's empirical formula (Reference 2),
the existing vapor pressure, e, is given by:

e = U= (6.11) 10 {7.5t/(t + 237.3)} (2.6)

The constants in the exponent of 10 are those for the vapor pressure over
water and are the correct values to use even where the ambient temperature
of the atmosphere is below 0° Celsius.

2.1.4 Virtual Temperature

Virtual temperature, T*, is necessary in the determination of the height
of the balloon for GMD-1 data reduction, and for the determination of
atmospheric pressure in reducing GMD-2 data. It is derived as a function
of T, the ambient temperature in degrees Kelvin; pressure, P, in millibars;
and the partial pressure, e, of the water vapor in millibars. It is given
in degrees Kelvin by the following formula:

.. p
™= T(—_‘i—“p = 0.3 812e) (2.7)

and the mean virtual temperature, T*, for the layer between any data point
and the preceding data point:

x 1+
Ti=g (T +T%)
2.2 COORDINATES FROM GMD-1 DATA

The GMD-1 raw data consist of punched cards manually produced from the re-
corder records. The following information is punched: The elapsed time
at half-minute intervals from time of balloon release, the pressure from
the pressure calibration chart for the contact indicated, the recorder
chart ordinate for the temperature, the ordinate for the humidity, the
antenna elevation and azimuth angles for the rawin recorder to the nearest

2-3
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2.2 (CONTINUED)

tenth of a degree. Preceding the cards giving this data for each time
point in a rawinsonde run is an identification card punched with certain
necessary information. Tables 2-1 and 2-II show the information content
necessary for the reduction procedures recommended in this report for
GMD-1 and GMD-2 data.

TABLE 2-I. RECOMMENDED GMD-1 ID AND RAW DATA CARD CONTENT

ID DATA CARD
Column Type of Information
1, 2 Day of Month
3 Blank
4, 5 Month of Year
6 Blank
7, 8 Last Two Numbers of the Year
9 Blank
10, 11, 12, 13 Time (GMT) Zulu
14 Blank
15, 16, 17, 18, 19 Station Number
20 Blank
21, 22, 23 FC from Computer CP-223B/UM
24 Blank
25, 26, 27 Surface Wind Direction, Degrees
28 Blank
29, 30, 31 Surface Wind Speed, (Tenth) mps
32 Blank
33, 34, 35 Surface Temperature, (Tenth) Degrees Celsius
36 Blank
37, 38, 39 Surface Humidity, Percent
40 Blank
41, 42, 43 Baseline Temperature, (Tenth) Degrees Celsiug
44 Blank
45, 46, 47 Baseline Temperature Ordinate (Tenth)
2-4




D5-15565

2.2 (CONTINUED)
TABLE 2-1. (CONTINUED)
RAW DATA CARD
Column Type of Information
1, 2, 3 Time in Minutes
4 Decimal Point
5 Time in Tenth/Minutes
6 Comma
7, 8, 9, 10 Pressure, mb
1 Decimal Pgoint
12 Pressure, mb (Tenth)
13 Comma
14, 15 Temperature Ordinate
16 Decimal Point
17 Temperature Ordinate (Tenth)
18 Comma
19, 20 Humidity Ordinate
21 Decimal Point
22 Humidity Ordinate (Tenth)
23 Comma
24, 25 Elevation Angle (Degrees)
26 Decimal Point
27 Elevation Angle (Tenth) (Degrees)
28 Comma
29, 30, 31 Azimuth Angle (Degrees)
32 Decimal Point
33 Azimuth Angle (Tenth) (Degrees)
34 Comma

2-5
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2.2 (CONTINUED)
TABLE 2-1I. RECOMMENDED GMD-2 ID AND RAW DATA CARD CONTENT

ID DATA CARD

Column Type of Information
1, 2 Day of Month
3 Blank
4, 5 Month of Year
6 Blank
7, 8 Last Two Numbers of the Year
9 Blank
10, 11, 12, 13 Time (GMT) Zulu
14 Blank
15, 16, 17, 18, 19 Station Number
20 Blank
21, 22, 23 Fc from Computer CP-223/UM
24 Blank
25, 26, 27, 28, 29 Surface Pressure, (Tenth) mb
30 B1ank
31, 32, 33, 34 Surface Wind Direction, Degrees
35 Blank
3, 37, 38, 39 Surface Wind Speed, (Tenth) mps
40 Blank
41, 42, 43 Surface Temperature Ordinates (Tenth)
44 Blank
45, 46, 47 Surface Humidity Ordinates (Tenth)
48 Blank
49, 50, 51 Surface Temperature, (Tenth) Degrees Celsius
52 B1lank
53, 54, 55 Surface Humidity, Percent
56 Blank
57, 58, 59 Baseline Temperature, (Tenth) Degrees Celsius
60 Blank
61, 62, 63 Baseline Temperature Ordinate (Tenth)

2-6
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TABLE 2-1I. (CONTINUED)

RAW DATA CARD

18, 19, 20, 21, 22
23

Column Type of Information
1, 2, 3, 4 Time in Seconds
5 Blank
6, 7, 8, 9, 10, 11 Slant Range, Meters
12 Blank
13, 14, 15, 16 Elevation Angle (Hundredth) (Degrees)
17 Blank

Azimuth Angle (Hundredth) (Degrees)
Blank

24, 25, 26 Temperature Ordinate (Tenth)
27 Blank

28, 29, 30 Humidity Ordinate (Tenth)

31 Thru 77 Blank

78 If 0, No Lost Signal

79 If 0, No Lost Sequence

80 Card Registering Character
2.2.1 GMD-1 Balloon Height

The basic dimension for reduction of the balloon coordinates and winds

from GMD-1 data is the balloon height.
of the radiosonde instrument, is derived from the integration of the hydro-

This height, actually the height

static equation by incremental additions of the thicknesses of layers
between data points. These thicknesses are determined in geopotential

meters from the pressures given at each data point and the arithmetic mean

value of the virtual temperatures at these points delineating the layers
in accordance with the following formula (Reference 3):

P.

- P.
bé; = 29.2897959 T# 1n( 1-] ) (2.9)

1
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2.2.1 (Continued)

Then the height at each data point above the surface is given in geo-
potential meters by:

n
by = Lo 24 (2.10)

which needs no correction for curvature of the earth. Conversion of geo-
potential height to geometric height is done using two constants r- and R*
whose values are dependent on latitude of the station. The formula for
conversion to geometric height is:

X = (2]])

X, the height above sea level is then:

X = X +H

2.2.2 GMD-1 Balloon Coordinates

The horizontal-distance-out, HDO, of the balloon from the antenna is deter-
mined by means of the formula (Reference 4):

_1 [Ry cos E
HDO = (RH + X°) cos | E + sin ﬁ;—;—yﬁ— (2.12)

where RH is the sum of RE’ the local radius of the earth, plus H, the

height of the antenna above sea level; and where E is the elevation angle
indicated by the antenna. The geometry for this equation can easily be
seen by referring to Figure 2-1.

The curvilinear coordinates in the Y (positive to the east) and Z (positive
to the north) directions are readily obtained from the following formulae:

) . -1 [HDO sin A
Y = R, sin ﬁa—;fy;r—-) (2.13)
and,
- . -1 HDO cos A
1= R, sin (ﬁa—;fyfr——) (2.18)
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2.2.2 (Continued)
where

Ry = R + H

H E

and A is the azimuth angle measured by the antenna clockwise from true
north in the tangent plane. These curvilinear coordinates are the values
as would be measured on the surface of the reference sphere which is cen-
tered at the center of the earth and whose radius, RH’ is the radius of the

earth, RE’ plus the height of the antenna, H, above mean sea level.
2.3 COORDINATES AND PRESSURE REDUCTION - GMD-2

GMD-2 raw data are automatically punched as received from the AN/AMQ-9
radiosonde by the Automatic Data Processing (ADP) unit. The data cards

for each time point including zero, the balloon release time, and each five
seconds thereafter to the termination of the run contain the following in-
formation: the time elapsed since release in seconds, the measured slant
range to the balloon, the elevation angle to the nearest hundredth of a
degree, the azimuth angle to the nearest hundredth of a degree, recorder
division ordinates for temperature and humidity. The thermodynamic proper-
ties of temperature, humidity, and vapor pressure are determined in com-
puterized reduction identically to the procedures set forth in para-

graph 2.1 except that both the temperature and humidity ordinates read

from the data cards must be multiplied by a factor of 0.95 to make them
equivalent to the recorder divisions indicated on the recorder. These ad-
justed ordinate values may then be reduced by the formulae thus far pre-
sented.

Data necessary for calculating the winds are directly measured by the GMD-2
system: R, the slant range; E, the elevation angle; and A, the azimuth
angle. The one parameter missing, but necessary to a complete description
of the atmosphere, is pressure. This must be determined from the balloon
geometric height coordinate readily determined from R and E.

2.3.1 Height of Balloon

The determination of the height of the balloon above the tangential plane
through the antenna is not significant nor is this the coordinate required.
Rather, it is the height above the reference sphere through the antenna.
Solution for this height, as can be seen in Figure 2-1, is given by the
following formula involving the law of cosines and functions of R, slant
range, and E, elevation angle (Reference 3):

)
+ R% 4 2R, sin £ - R, (2.15)
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2.3.1 (Continued)

where RH = RE + H, as before the sum of the local radius of the earth and

the height of the antenna above sea level. From this height, pressure at
each data point can be determined.

2.3.2 Pressure

The height X~ is converted to geopotential height by the reverse process
of converting the geopotential to geometric height as was done with GMD-1

data. The formula involving the same latitude dependent constants r~ and
R* is:

x‘ Pl -
¢ = ﬁ;—:r;t (2.16)

Since height is determined for each data point, the geopotential height
is thus known for each data sample.

In reducing this data to determine the pressure, an approximation of the
pressure is first determined in order to correct the temperature profile
to virtual temperature. Beginning with the known surface pressure, Po’

the following formulae are used (Reference 3):

bs_1 - ¢
- j-1 j (2.17)
Pa. = Pa. . EXP Lyggazsoros 1+ 7.0 !
i i-1 i-1 i
where Pa = P0 for the initial calculation. Then virtual temperature is
i=0
very closely approximated for the level of Pa by:
i
N TPa
* =
™ oo (2.18)
and
bs 7 — ¢
= i-1 i
Py = Py BXP Iyggaaseres (% + 50 (2.19)
2.3.3 GMD-2 Balloon Coordinates

Because slant range, R, is directly measured, the horizontal-distance-out
(HDO) of the balloon measured along the tangent plane is:

HDO = R cos E

2-1
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2.3.3 (Continued)

Using this parameter as was done with GMD-1 data, the curvilinear coor-
dinates of Y and Z are similarly determined:

Y = R, sin”] (E_EOT%.Q_A) (2.13)
and

Z =R, sin™! (%59;9)‘2—5——’5) (2.14)
2.4 COMPUTATION OF ADDITIONAL THERMODYNAMIC PROPERTIES

Several other thermodynamic quantities are computed to produce a complete
reduction of the raw data. Since these all are functions of atmospheric
properties already reduced from GMD-1 and GMD-2 raw data, the formulae are
applicable to either type of data reduction.

2.4.1 Pressure

Pressure is sometimes required in units other than the meteorological unit
of millibars. In units of kilogram (weight) per square meter:

P- = 10.1971621 P (2.20)
In units of newtons per square meter:

p-- = 10% P (2.21)
2.4.2 Density

Density, p,'in kilograms per cubic meter is determined by:

o = 0.3483832 -T-E- (2.22)

In units of kilograms (weight) seczm'4, density is

b° = 0.0355252 T—E (2.23)

In units of newtons seczm'4, density is

0°” = 34.83832 T—E (2.28)
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2.4.3 Optical Index of Refraction

The optical index of refraction is given in "N" units by (Reference 3):

= _ 6 _ P e 4 e (2.25)
N=1(n-1) 10 =77.54 T+ 37.84 ;z-x 107 - 9.66 T

where n is the true index of refraction, a dimensionless ratio slightly
greater than 1.0.

2.4.4 Electromagnetic Index of Refraction

The index of refraction for radar frequencies is given in "N" units by
(Reference 3):

N=(n-1) 10%=77.6 $‘+ 37.3256 5 x 10t (2.26)
T

where n is the dimensionless ratio representing the actual index of re-
fraction.

2.4.5 Speed of Sound

The speed of sound, C_, with respect to the medium - the atmosphere - is
given in meters per second by (Reference 5):

C, = 20.0467 (1%)1/2 (2.27)

If the velocity of sound in the atmosphere with respect to a fixed point
on the earth is required, the component of wind in the direction of in-
terest must be added to CS.

2.4.6 Coefficient of Viscosity

The coefficient of viscosity, u, is given in newton sec m'2 by
(Reference 5):

-8 ,o\3/2
1.5 x 1078 (1)
N R (K (2.28)

2.5 WIND REDUCTION

With the computation of the balloon coordinates from either GMD-1 or
GMD-2 data, reduction into wind components can be accomplished with simple
differentiation with respect to time by dividing the displacement by the
time interval from point Qi-] to Qi+1' The simplest differentiating

2-13




D5-15565

2.5 (CONTINUED)

filter accomplishes this identically by multiplying three successive coor-
dinate values by -fs/2 for Qi—]’ 0.0 for Qi’ fS/2 for Qi+1’ and applying

the sum of the products to the Qi data point (fS is the sampling frequency

in samples per second). However, such simple differentiation must assume
some treatment of the raw data to eliminate errors of the accidental, sys-
tematic, and random types that exist in the data. Prior to discussion of
this preliminary treatment of the raw data, the reduction of component
winds into the resultant wind vector will be set forth.

Simple differentiation with respect to time of the Y and Z coordinate gives
the wind components toward the east and north, respectively. The winds,
however, in normal meteorological convention are specified in direction by
that azimuth from which they blow and the wind direction is given by that
angle measured clockwise from true north. Therefore, the wind direction

is determined by the following means from the acute angle D between the
wind axis of flow and the local meridian. D is given in magnitude by:

D= tan"! |1 (2.29)

where Y is the E-W wind component - positive to the east - and is the time
derivative of the E-W displacement. Similarly Z is the N-S wind component
- positive to the north - and is the time derivative of the N-S displace-

ment of the balloon. Wind direction ND is then specified by the following

quadrant dependence on whether Y and 2 are positive, negative, or zero:

If Y is + and 2 is +, Wy = D + 180°
If ¥ is - and 2 is +, Wy = 180° - D
If Y is - and 2 is -, Wy =D

If ¥ is + and 2 is -, Wy = 360° - D
If Y is 0 and 2 is +, Wy = 180°

If ¥ is 0 and 2 is -, Wy = 360°

If Y is 0 and 2 is O, Wy = 0 (Calm)
If ¥ is + and 2 is 0, Wy = 270°

If Y is - and 2 is 0, Wy = 90°
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2.5 (CONTINUED)

The magnitude of the wind vector is wind speed, ws, and is easily deter-
mined from:

172
W, = [(?)2 + (2)2] (2.31)

A profile of the winds aloft plotted against either time of the data point
or equivalent equal altitude increments will show a variability that is
not necessarily representative of the true wind field depending on the
maximum frequency or wave number content permitted by the time or height
spacing of the data points. Therefore, some smoothing process is needed
to treat the data.

With GMD-1 data, the sampling rate is normally (at MSFC) one per 30 seconds.
In height spacing, this is about one sampling per 150 meters. The maximum
frequency or wave number content of the data is, therefore, one cycle per
minute or about one per 300 meters. Periodicities and wave lengths of this
order of magnitude must be largely, if not completely, attributable to the
variability of the atmospheric structure. From this fact, it is submitted
that smoothing of the raw data to eliminate random or systematic cyclical
errors is not valid. Despite this, it should be noted that the differen-
tiating process over two data intervals to determine Y or 2 for the central
data point is, in its very nature, a smoothing procedure which eliminates
all of the maximum frequency content and corrupts every lower frequency.

Even without filtering, the sampling rate of GMD-1 could afford to be
increased and still have a content in cyclic and random variability that
would be attributable mainly to the winds. Dependent on feasibility of
trying to manually punch data cards at a more rapid rate, it is recommended
that the sampling rate be increased to one per fifteen seconds which per-
mits a minimum wave length at the termination frequency of 150 meters.

With GMD-2 data, the sampling rate of one per five seconds or about one

per 25 meters of height allows a maximum frequency of one cycle per ten
seconds or maximum wave number content averaging about one cycle per 50
meters. Certainly, variability in the data of this frequency cannot be
attributed to the true wind structure because of the self-imposed lateral
motions of the balloon dynamics and the lack of response capabilities of
the balloon and train to such rapid cyclic variability in the wind. There-
fore, applying a smoothing filter to the raw data from the GMD-2 system is
very much in order.

The optimum filter, as explained in Appendix C, for applying to the GMD-2
raw data is one of the Martin type constrained smoothing filters. The
recommended procedure is to apply this smoothing to the raw data after
editing to correct accidental errors. This is to be done before any re-
duction or operations involving slant range, elevation, and azimuth angles.
The exception, of course, is in trying to apply any smoothing to raw data
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2.5 (CONTINUED)

such as temperature and humidity ordinates. Smoothing these would conceal
or obliterate real and radical changes in the normal lapse rates of these
parameters which can be quite sharp edged and exist in relatively thin
layers.

The design for the filter required for GMD-2 data is one which passes wave
lengths greater than 150 meters and cuts off all shorter wave lengths. A
simple solution could be achieved by decreasing the sampling rate to one
per fifteen seconds which would accomplish what is the recommended

sampling rate for GMD-1 also. Incidentally, this would also eliminate the
apparent step function measurement of temperature and humidity ordinates
because it would permit the clock-driven commutator of the AMQ-9 to call in
updated ordinates before the next data card is automatically punched.

In the following section, the logic and data flow charts of the computer
reduction techniques for GMD-1 and GMD-2 data are presented. Together
with the formulae set forth in this section, these will aid the engineer
and the programmer in developing a reduction program in keeping with the
recommendations of this document.
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SECTION 3
FLOW CHARTS FOR RAWINSONDE PROGRAMS
3.0 GENERAL

To aid the engineer and programmer in developing a computer program to re-
duce either GMD-1 and GMD-2 rawinsonde data, data flow charts are presented
in this section. Only the logic of the data flow is presented since fur-
ther detail of the program will vary with the computer and the programming
language used. Furthermore, only difficult areas and those that differ
between data sets are represented in any detail.

3.1 GMD-1 DATA FLOW CHART

The data flow chart for the atmospheric parameters that are necessary to
carry the computation of GMD-1 data through the wind values is presented

in Figure 3-1. This flow chart develops the data flow logic by displaying
the necessary inputs to an equation that computes a certain parameter. For
example, it is not possible to compute relative humidity until the tempera-
ture has been computed. In turn, all that is necessary to compute the
temperature is the temperature recorder division, dt' Each equation

necessary to compute these values can be found in Section 2. In addition,
the techniques to compute the balloon coordinates and wind values are not
discussed since a detailed flow of the computation for these values can be
found in Appendix C.

3.2 GMD-2 DATA FLOW CHART

The data flow chart for the atmospheric parameters that are necessary to
carry the computation of GMD-2 data through the wind values is presented
in Figure 3-1.

The significance of Figure 3-1 is that logic differences exist because of
differences in input data. For either set of rawinsonde data, computation
through vapor pressure is identical. For GMD-1 data, geometric height

(or altitude) is a result of integrating the hydrostatic equation, given
the virtual temperature profile. Height for the GMD-2 data, however, is

a direct result of Equation 2-17 because slant range is provided.

Whereas pressure is directly measured in the GMD-1 system, it must be com-
puted in the GMD-2 system. This is one of the major differences between
the two systems and their reduction programs. To reverse the "pressure-to-
altitude" procedure of the GMD-1 system, it is necessary to have virtual
temperature from the GMD-2 data. This, obviously, cannot be computed since
its equation, Equation 2.7, requires pressure. It is, therefore, necessary
to estimate this pressure by using the normal atmospheric temperature, as
computed by Equation 2.1, as input into the pressure computation to yield
an approximated pressure. This approximated pressure is used to compute
virtual temperature which in turn is used to compute the actual pressure

at the level in question.
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3.2 (CONTINUED)

The only other difference between the two charts in Figure 3-1 is in the
computation of horizontal distance out using slant range and elevation
values as inputs for GMD-2 data. This same parameter is a function of the
geometric height and elevation angles for GMD-1 data and falls within the
scope of computation of balloon coordinates.

Other atmospheric parameters, i.e., density, speed of sound, etc., are

identical for both reduction programs, and follow the computations pre-
sented in Section 2.4. For this reason, they are not included.
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SECTION 4
CONCLUSIONS AND RECOMMENDATIONS
4.0 CONCLUSIONS

In Appendix B, alternative approaches to the reduction of meteorological
data are reviewed and critiqued. In cases where alternatives exist either
in formulae or procedures, the methods presented in Section 2 are those se-
lected because they produce more logically consistent and accurate. results.
However, if reduction results showed no significant difference, the formula
or technique presented in Section 2 is the simpler and more easily pro-
grammed method. This is true also of the alternative methods of deter-
mining the winds reviewed and discussed in Appendix C. The most suitable
wind reduction method is the third presented which is tabbed for identifi-
cation purposes as MOD-3. 1It, briefly, is the procedure currently used

at MSFC; of first smoothing the raw data, then transforming them into the
orthogonal curvilinear coordinates of the balloon position at each time
interval, and then differentiating the coordinates to compute the wind
components.

The discussion in the previous sections and in the Appendices to this re-
port have left a few unanswered questions. For instance, in the use of
filters for smoothing, the optimum filter type is recommended but no parti-
cular set of filter weights are named. The question as to how much wind
data can one afford to lose because of the number of filter weights em-
ployed is purposely unanswered since the winds between the surface and

the first available fully filtered point must either be derived by the
"educated" guess of a linear interpolative scheme from the known surface
wind to the level of the first calculated wind or by the use of expanding
span filters from the initial level to the full span selected. The in-
terpolative scheme could be performed by computer but should then be modi-
fied by a meteorologist for the effects expected due to the observed ther-
mal structure between the levels being interpolated. The use of a series
of digital filters with expanding span can also be accomplished by computer
and would produce more objective results than the alternate method. Fur-
thermore, the reverse of the same series of filters providing a contracting
span could be used at the terminal end of the rawinsonde run. Use of one
of these techniques must be weighed against the advantage of a large span
(Targe number of weights) for use on the central portions of the data se-
quence. The larger the number of weights used in a filter, the more pre-
cisely can the frequencies, comprised chiefly of noise, be delineated from
those properly attributable to signal in any set of data. The sharper the
roll-off interval between a defined cutoff frequency and a desired termin-
ation frequency, the greater is the number of filter weights required to
stay within a given accuracy bound (Reference 6). It is, therefore, de-
sirable to have as large a span within reason as possible. This can be
seen in the frequency response curves shown in Figure 4-1 for a 13-weight
and a 73-weight filter. The number of weights in a Martin filter is a
function only of the frequency interval between the cutoff frequency and
the termination frequency and independent of what the desired cutoff or
termination frequency may be.
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4.0 (CONTINUED)

Another unanswered question is the cause of the large systematic cyclic
changes in the rate of rise indicated by the GMD-2 data as depicted in
Figure 4-2 which occurs in phase with a considerable cyclic change in the
magnitude of the wind vector even when the data are preliminarily smoothed
with the stringent 73-weight filter depicted in Figure 4-1. At first it
was thought that this correlation between the horizontal and vertical
accelerations was evidence of vertical motions of the atmosphere either
associated with vertical wind shear or with gravity waves imposed by local
topography. However, as is observed, the vertical rise rates and horizon-
tal accelerations determined from the simultaneously observed GMD-1 data
show little or no correlation with each other and reveal practically none
of the larger cyclic changes of the GMD-2 data. This eliminates the prob-
ability that the approximately 200 second periods of the cycles in the
GMD-2 data were due either to wind structure or some systematic character-
istic of the balloon's buoyancy and drag dynamics. It, therefore, appears
to be some characteristic of the GMD-2 tracking and ranging system. The
same simultaneous data from which the speeds in Figures 4-2 and 4-3 were
determined were used in the calculations for the optimization of balloon
coordinates by application of estimation theory depicted in Figures 4-4
and 4-5 (see Appendix A). Examination of these figures show that the
changes of slope of the height-time curve and the time-HDO curve for the
GMD-2 data are remarkably synchronous with the indicated vertical and hori-
zontal speeds shown in Figure 4-2 for the GMD-2 data. This, at first
thought, would certainly be anticipated. However, it must be understood
that the elevation angles used in GMD-1 calculations for the optimization
by estimation theory are the elevation angles measured by the GMD-2 an-
tenna, and the time-HBO curve from the GMD-1 computations shows relatively
small and random changes of slope uncorrelated with the undulations of the
GMD-2 curves. This leads to the conclusion that the 200-second cyclic
changes in the GMD-2 curve are due to some as yet undetermined cyclic and
phenomenal error in the ranging measurements by the GMD-2 system since
they are not present in the elevation angle data.

4.1 RECOMMENDATIONS

The recommendations most pertinent to the purpose of this document which
can improve the quality of rawinsonde reduction refer to the sampiing rate
and the punching of elevation and azimuth angle data on the input data
cards. As indicated in the paragraph on wind reduction in Section 2, it
appears that increasing the sampling rate of GMD-1 data to one per fifteen
seconds would better delineate signal from noise in the frequency domain.
It is, therefore, recommended that the possibility of doing this without
increasing the number of accidental errors and without jeopardizing the
accurate transposing of the data to punched cards be investigated; and that
if the higher sampling rate appears feasible, it be made a part of the
standard operating procedure for computerized reduction of GMD-1 rawin-
sonde runs.
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4.1 (CONTINUED)

The GMD-1 control recorder prints the elevation and azimuth angles to the
nearest hundredth of a degree, but the data cards are punched to record
these angles only to the nearest tenth. To reduce the truncation error in-
troduced by this procedure, it is recommended that elevation and azimuth
angles for the GMD-1 data be punched to the nearest hundredth degree as is
done for GMD-2 data.

In GMD-2 data recorded at five second intervals, it is observed that the
same temperatures and humidity ordinates are recorded for two or three
data cards successively before a change in these values is indicated. The
reason for this is in the speed of rotation of the clock-driven commutator
on the radiosonde instrument which provides an updated temperature sample
only once in an 8.6, a 10.7, and another 10.7-second interval each 30
seconds, and an updated humidity sample once in a 15.4 and a 10.7-second
interval. Therefore, the repetition of temperature and humidity ordinates
on more than one punched card is because the given data by the ADP still
represents the latest information available. The resulting step like
lapse rates of temperature and humidity are misleading and introduce some
error in the true representation of the pressure profile and the thermal
structure of the atmosphere. To eliminate this characteristic of GMD-2
data and also to make its information more compatible with GMD-1, it is
recommended that the sampling frequency be reduced to one sample per 15
seconds. This would also tend to filter random noise frequencies from

the frequency content of the data and possibly obviate the application of
any smoothing filter.

The 200-second cycle appearing in the GMD-2 winds shown in Figure 4-2 was
observed in a run of simultaneous data taken on September 6, 1967, at

1754 hours GMT. The frequency of occurrence of such a phenomenon is un-
known. It is recommended that a study be made of this phenomenon to deter-
mine its cause and source. If such a study showed that this phenomenon
occurs occasionally from some characteristic of the circuitry in radar
type range measurements, there would be wide sweeping implications with
respect to independently observed cyclic changes in rate of rise of
balloons in data from other sources.
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ADDENDUM TO NASA CONTRACTOR REPORT

NASA CR-61192
January 1968

REVIEW OF RAWINSONDE REDUCTION METHODS
By

R. S. Wheeler, The Boeing Company

RE: Section 4, "Conclusions and Recommendations," (see Figures 4-2 and
4-3) pp. 4-1 through 4-8

The cyclic variation in the winds depicted in Figures 4-2 and 4-3
of CR 61192 has now been investigated. This error was caused by a pro-
blem with the NASA Atmospheric Research Facility's AN/GMD-2A Rawinsonde
System, specifically, the comparator, which provides the range measure-
ments. A difficulty in the electromechanical linkage induced a cyclic
variation in its turning rate. The periodicity of this variation was
shown to be approximately three minutes per cycle, the same as that
observed in the reduced GMD-2A winds and balloon rise rates. The pro-
blem has now been corrected.

When the AN/GMD-2A equipment at the Mississippi Test Facility was
checked, it worked perfectly with no cyclic error present. Apparently,
the fault is not common to all GMD-2 sets. It is believed that a bent
drive shaft, or other cause of binding, is responsible in those sets
which produce these variations.
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APPENDIX A
ERROR STUDY
1.0 GENERAL

Simultaneous rawinsonde runs of GMD-1 and GMD-2 were studied to provide an
insight into the errors entering the recording and reduction of data. One
AMQ-9 and one AMT-4 rawinsondes were suspended from a single balloon and
tracked by two separate tracking antennae. The antennae are situated
approximately 61 meters apart along a near NE-SW base line. Antenna #1,
the NE one, is considered the origin of the rectilinear coordinate system
for balloon positions. Therefore, to correct the positions determined
from Antenna #2 to the origin -41.8 meters is added to Y (W-E) coordinate,
-44.5 meters is added to Z (S-N) and 1.1 meters is added to X (Height) for
comparison of positions determined from Antenna #1.

1.1 ERROR SOURCES

These site corrections are very much smaller than the differences observed
in the balloon positions as reduced from each antenna's range, elevation
and azimuth which are generally larger by an order of magnitude. There
are a number of factors contributing to these large differences, part of
them due to the separate antennae and tracking systems, and part due to
basic differences between the methods of determining coordinates.

The separate antennae have identical pedestals, drives, and gears; however,
orientation and leveling to the precision required to have .the indicated
lines of sight meet at the balloon and flight instruments is apparently
impossible. The time factor is used as the identifier for simultaneous
data; however, each system records its data on the signal from its own
timer. That these are not coordinated is evidenced when the azimuth

angle is changing rapidly. In one instance when azimuth was changing at

a rate of more than one and a half degrees per second, the azimuth lines
from the two antennae diverged at an angle of greater than 10 degrees
between them at a "simultaneous" reading. At the horizontal-distance-out
of the balloon, the azimuths should have converged at an angular difference
of from three to five degrees. This would indicate that there could have
been as much as a ten second difference between the timers. Because of
these obvious differences in the timers, good estimates of bias in leveling
and orienting of the two antennae are practically impossible. Examination
of the data indicates that the differences are at least 0.3 degree and
most probably of the order of 0.5 degree in both elevation and azimuth
angles, not from true north or true horizontal but from each other.

In a single rawinsonde run, the timing is not an error factor in the bal-
loon coordinates computation. If, however, timing of the intervals is
erratic or is fast or slow, wind speed errors will result which are
impossible to detect.

A-1
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1.1 (CONTINUED)

In addition to the contributions to bias discussed, a very basic differ-
ence between the GMD-1 and the GMD-2 systems accounts for a great deal of
difference in the determined balloon coordinates. Whereas the GMD-2
directly measures all the components such as range, elevation, and azimuth
necessary to determine the rectilinear coordinates of the balloon's
position; all of these coordinates in the GMD-1 system are functions of
the balloon height which is determined from the reduction of the hydro-
static equation and the pressure data for each data point. This means that
the balloon height and indeed the horizontal coordinates are functions of
the pressure, temperature, and humidity, each subject to error in measure-
ment. GMD-1 coordinates are also functions of the azimuth and elevation
angles and their errors measured by the tracking antenna.

1.2 RANDOM ERROR VARIANCE

The sources of error discussed thus far contribute in general to bias dif-
ferences between the two systems. In addition to these, there are random
errors due to noise in the data. An effort to evaluate this contribution
to total error was accomplished.

A moving average smoothing filter was applied to the raw data from both
GMD-1 and GMD-2 systems, and the residuals determined by subtracting from
each raw data point its respective smoothed value. The transfer functions
of two of these filters are shown in Figure A-1. The sum of the squared
residuals was then divided by the number of data points contributing to
each summation to give the mean squares or variance.

With GMD-2 data at a sampling frequency of 0.2 samples per second this
method does give some insight into the true variance of the data. The
smoothing filter employed has a cutoff frequency such that wave lengths
longer than about 400 meters were passed and all wave lengths shorter

than about 125 meters were filtered into the residuals. The wave lengths
between were partially passed and partially filtered in the roll-off inter-
val of the filter's response.

Valid wind variations that can be measured by the rawinsonde systems and
to which the balloon can respond should include only wave lengths greater
than about 150 meters. Higher frequency variability must be credited to
the "noise" in the data. The sampling rate of GMD-1 does not really permit
filtering since the shortest wave length it can sense is about 300 meters.
Although GMD-1 data were filtered with the same filter used on GMD-2 data,
the effective separation is between wave lengths greater than 2500 meters
from wave lengths of between 300 and 750 meters. Higher frequencies not
due to real wind variation are entirely eliminated. Hence, all variance
thus determined is due to the variability of the wind structure and is not
because of "noise" in the data.

In reviewing the literature (References 7, 8, 18, and 19), one finds gener-

ally quoting the manufacturer, claims of standard deviations of 25 meters
in slant range, 0.1 degree or less in elevation and azimuth angles and
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1.2 (CONTINUED)

2 percent in height. An USAF Air Weather Service Study (Reference 9)

gives as results, a 1 percent error in height at 3 Km increasing to greater
than 3 percent at 30 Km which is in general agreement with the 2 percent
relative error.

In the variance determination from the study of GMD-2 data, the random
errors in slant range appear to be less than the claim of 25 meters stand-
ard deviation and to be of the order of 10 meters. However, the limited
number of cases used in the variance determination leaves the 25 meters
standard error as probably the more realistic value. In elevation and
azimuth angles the variance study gave approximately 0.1 degree standard
deviation in agreement with the accuracies claimed by the manufacturers.
The argument that the variance study covered too few cases may hold for
the angle measurements as well as slant range in which case the standard
errors in azimuth and elevation may be significantly greater than the quot-
ed 0.1 degree.

For height errors, the variance study had to employ GMD-1 data so that the
results are probably not significant because of the low sampling rate.

The results were considerably less than the relative errors quoted above
but did approximately agree with the value used by H. M. de Jong (Reference
8) of 20 meters as the random standard error inherent in the random fluc-
tuations of the sensors.,

1.3 OPTIMIZATION OF COORDINATES

The major benefit of the simultaneous runs of GMD-1 and GMD-2 with their
respective flight equipments attached to a single balloon is in the oppor-
tunity to apply estimation theory to this "overdetermined" system and
compute optimized estimates of the balloon's coordinates including calcu-
lations of the minimized variance at each data point. Using the elevation
and azimuth angles and the slant range from the GMD-2 data and the
independent heights calculated from the GMD-1 pressure, temperature, and
humidity data; the estimations of the optimum heights and distances out
from the antenna were computed using the procedures set forth by de Jong
(Reference 8). The variances of slant range, azimuth elevation angles,
and height are required inputs to the calculations. Various values for
these were tried to assess the effect on the results.

Further effort to optimize the estimate of the balloon position was
attempted in computing the HDO by employing the azimuths of both antennae
to triangulate the position. The increase in dimensions entails an in-
crease in the size of the covariance and Jacobian matrices and the com-
plexity of the matrix operations required in the application of estimation
theory to optimize the results. That there is no really significant
improvement (see Figure A-2) over the "two-dimensional" approach of

de Jong's (Reference 8), is mute testimony to the rule that the number of
basic calculations should not exceed M+1, where M is the number of con-
straints imposed.
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1.3 (CONTINUED)

In general, the results appear to be sensitive to the values used. The
minimized variance of the distance-out of the balloon is sensitive to the
values used as angle variances while the minimized variance of the height
is sensitive to the values used for slant range and height as would be
anticipated.

Linear estimation theory is of interest only in determining the degree to
which variance in reduction of balloon coordinates can be minimized. The
simultaneous runs made with the AMQ-9 and the AMT-4 radiosondes attached
to a single balloon permit application of linear estimation theory at the
cost of considerable effort and the expense of the extra radiosondes. The
improvement in the determination of height and horizontal coordinates of
the balloon is not considerable. For this reason, this procedure is not
recommended. If however the AMQ-9 provided a telemetered pressure
measurement in addition to slant range measurement, linear estimation
techniques could be applied to the reduction methods resulting in some
improvement in accuracy of the winds determined as well as improved accu-
racy for the pressure-height profile. Examples of the degree of improve-
ment by application of estimation theory are shown in Figures 4-4, 4-5

and A-2. As indicated however, it is important to use realistic and as
accurate as possible values of the variance in measurement of slant range,
elevation and azimuth angles, and computation of balloon height from
pressure measurement. It can be seen in Figures 4-4 and 4-5 that by
underestimating the true variance value of slant range, the optimized
values of both height and HDO, and the plots of the calculated estimation,
give too much credence to the straight GMD-2 calculations of these
coordinates. Particularly in the plots of height with time the GMD-1
results appear to be more credible since they fall on a fairly straight
line with a more or less uniform slope.
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APPENDIX B

REDUCTION OF THERMODYNAMIC PROPERTIES
GENERAL

The formulae and procedures reviewed in this appendix are only those for
which alternatives are given. Also if other formulae such as for humidity
do not pertain to the type of sensing element used at MSFC, they will not
be included in this review.

1
1

a.

N
.

PROPERTIES

.1 Temperature

The strict proportionality maintained by the radiosonde transmitter
between two audio frequencies and two resistances in the circuit
(Reference 7) is exploited in reducing temperature from the AN/TMQ-5
recorder divisions on the strip chart. The TMQ-5 is, in fact, a
recording frequency meter and the divisions or ordinates are a
measure of the audio frequency modulation of the carrier signal.
Twice the number of ordinates counted from the left margin of the
strip chart equals the frequency of the modulation (or more properly,
the frequency of the transmitter's blocking oscillator), and this
frequency is the function of the resistance of the temperature
sensing element. With these relationships, the temperature, t, may
then be derived as a function of the ratio of the resistance of the
element at the measured temperature during the preflight calibration
procedure known as the baseline check. The resistance of the element
at the baseline temperature is given in the literature (References 10
and 11) by the empirical formula:

_2.137 x 10’

5
c 5 db - 1.125 x 10 (B.1)

R

where dy is the baseline temperature ordinate. The resistance of
the element at the temperature, t, is given by the similar formula:

_ 2137 x 107

t 2 dt

R -1.125 x 10° (8.2)

where dt is the ordinate observed at temperature t. The validity of
the empirical constants employed in the above two equations is
dependent on the resistance of the temperature element meeting the
rigid specifications to which it is manufactured. The specifications
require that at a temperature of 30°C, the element must have a
resistance of 40,000 ohms. The relationship between this resistance,
R3g, and that at the baseline temperature is given in the literature
as follows:

B-1
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R (Continued)

10939 R3g = 1094 R, + 5.26316 log,, [0.005(tb+170)] (B.3)

where t, is the temperature of the baseline check in degrees Celsius.
Simp]if?ing, we get:

= 5.26316
R30 = RC [0.005(tb +170)]

or,
1

R R
0.005(t, = 170) = 5—0 5.26316 _ 30 (B.4)

c C

The relationship between the ambient temperature, t, and the ratio
of the resistances R30 to Rt is given in the literature as follows:

10910 (t + 170) = 2.30103 + 0.]9(10910 R30 - 1og]0Rt) (B.5)

which can be similarly simplified to read:
t+170 = 200 =~ (B.6)

Rt

From Equation B-4:
0.19
(Rqp)

which, if substituted into Equation B-6, makes the formula for
temperature in degrees Celsius:

R\ 0-19
t = (t, +170) (R—C) - 170 (8.7)

= ()19 (¢, + 170) 0.005

t

In this form the equations to derive temperature become a handy
and useful tool, and the value of R30 does not appear in the
reduction formulae.

In Reference 12, values of the empirical constants_used in Equation B.1]
and B-2 were given as 21710 in place of 2.137 x 107 and 114.2 in

place of 1.125 x 105. These were used and compared with the results
using the constants given in Equations B-1 and B-2. Results were
within about a tenth of a degree at all data points. Selection of

the constants then was based on which of the two sets gave the closer
value to the calibration temperature from the CP-223A/UM calculator
for the calibration ordinate of 37.6. For this reason, the values
given in Equations B-1 and B-2 and quoted in References 10 and 11

are the recommended values.
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L1 (Continued)

The reduction formulae for temperature currently used at the MSFC
Atmospheric Research Station is the most frequently mentioned in
the literature (References 3, 4, 13, and 14) on computer reduction
of rawinsonde data. It is based on the calibration temperature,
te, corresponding to 37.6 recorder divisions from the CP-223A/UM
calculator after setting up the baseline check relationship. The
formula for temperature in degrees Centigrade is:

d,-37.6 a £ +20.525
t = l"'——b—‘——‘ W + 64 + tC (8.8)

where d¢ is the temperature recorder division value, and t, in
degrees Celsius, is usually within one degree of -19°C. Different
empirical constants in the evaluation of a and b are used depending
on whether the term (d¢ - 37.6) is positive or negative. If

(dt - 37.6) is positive:

b=239.4

2

d
1¢t-37.6
a 1.177 +§[““————b ]

and when (d, - 37.6) is negative, the first term of the right side
of Equation B-8 is multiplied by (-1) and:

b

34.6

and d, - 37.6 2

1.24 + 1.06383 [—t——b——]

[-T}
[[]

As can be readily seen, the value of t converges on tc as
(dt - 37.6) 0.

With the same data being run through both temperature reduction
methods, results were obtained and compared. Figure B-1 shows
extracted portions of the two temperature curves to demonstrate
their behavior in the vicinity of tc, the calibration temperature
for 37.6 ordinates. Although the 37.6th ordinate value was passed
in the time interval between data points, the curve representing
the resistance ratio method appears to pass through the value of
tc almost exactly, and it does so without any discontinuity or
significant change in the slope. The dashed curve representing
temperatures derived by the second and more commonly used method
must inherently pass through the value of t. at the ordinate value
of 37.6; but, as is well demonstrated, it does so by means of an
inflection point and considerable change in the slope. The two
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1.1.1 (Continued)

curves tend to converge at both ends of the run, but the behavior
of the dashed curve at the calibration temperature leads to the
conclusion that the temperatures derived from the resistance ratio
formulae are more accurate and more representative of the actual
temperature profile of the atmosphere. Hence, the resistance
ratio method is recommended.

1.1.2 Relative Humidity

A review of the literature (References 3, 4, 10, 11, 12, 13, and 14)
shows a number of reduction techniques for evaluating relative humidity
from the recorder division ordinates for humidity. The first of these

is the evaluation of a ninth order polynomial whose coefficients are
functions of the calibration humidity and ambient temperature and involve
combinations of forty given empirical constants. A second reduction
formula is an approximation having eleven terms involving functions of
the ratio of the resistance corresponding to the humidity ordinate for
ambient humidity and temperature to the resistance specified for
relative humidity of 33 percent at a specified temperature. Admittedly,
this reduction formula is capable of producing both negative values and
values greater than 100 percent and would need correcting for such results.

The most commonly used reduction technique for the carbon element (see
References 3, 4, 13, and 14) is a method employing two sets of constants,
the choice of which depends on whether the term (46-d¢) is negative or
positive. df is the humidity recorder division ordinate. The relative
humidity, U, in percent is determined from the following:

fag - 33
w0+ 4 s ) 7T+ 40 (8.9)

At temperatures lower than -40°C, the second term on the right becomes
imaginary so a constraint is imposed that this term vanishes when

t < -40. fa0 the relative humidity corresponding to an ordinate of
46 at a temperature of -40°C is evaluated as follows:

46 - d. |2
fao = fe * ‘———E———| (b) (B.10)

where fc is the calibration relative humidity.

When 46 - df >0

»
]
—
&
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o
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1.1.2 (Continued)

f
- C
64.8 - 7 ET
and when 46 - d; < 0

(o]
Ll

f
46 - d
_ f
3-0.5 ]0 )
b=10- f,
fC

C=m - 5.198

Despite the complexity of this method of humidity reduction, it is
simpler than the ninth order polynomial mentioned first among the
reduction methods for programming. The formula given by Equation B.9
may be less accurate, but the inaccuracy of the sensor is sufficiently
large that the inaccuracy of the reduction method is relatively
insignificant.

The reduction method associated with Equation B.9 is selected for use
by MSFC. In this recommendation, acknowledgement is made of the fact
that this is the currently used technique and reprogramming is hardly
worthwhile.

1.1.3 Virtual Temperature
There are three formulae in more or less common use for the derivation

of virtual temperature. In the main, these are derivable from the
equation of state, Dalton's Law, and the ratio of the molecular weight

of water vapor to the equivalent molecular weight of dry air. They are:

(for virtual temperature in degrees Kelvin)

T = T O TETET .P -
+ 0.0
T G
and,
T* =T (1 + 0.376432 %)
or
% -1 (Pt 0376932,

]
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1.1.4 Horizontal Distance Out (HDO) and Curvilinear Coordinates

a. Elevation and azimuth angle coordinates of the balloon from the
antenna are measured directly from either the GMD-1 or GMD-2
systems. With the additional direct measurement of slant range,
all the data necessary for the determination of the winds is
available for the GMD-2 system. For the GMD-1 system, however,
the slant range can be determined by means of the following
equation for slant range (see Reference 3):

R = [(Rp+H+x")? - (RgtH)2Cos?E'/2 - (R+H) sinE (B.14)

The balloon position in an orthogonal curvilinear coordinate system
can be determined with these data for each time data point; and
differentiation with respect to time gives the magnitude of the
wind components.

b. An alternate coordinate to determine slant range for GMD-1 winds
is to calculate the plan-view distance of the balloon from the
antenna on the tangent plane through the antenna. This distance,
normally called the Horizontal-Distance-Out (HDO), can be
calculated directly without first computing slant range. The
formula is:

R (RE+H) Cos E
HDO = (RE+H*X') Cos |E+Sin —_— (B.15)
RE+H + X~

When slant range is measured directly as with GMD-2 the formula
then is simply:

HDO = R Cos E

In either case HDO should be determined to compute the curvilinear
coordinates of the balloon position. A1l these formulae are exact
and can be derived each from the other. Hence, if there were no
truncation errors involved, the results for HDO, X, or R would be
the same without regard to which formula was used to determine

them. Even with truncation on the squares of very large numbers,
e.g., Rg in meters or on irrational numbers, the effect is usually
less than five parts per million on computer results. Nevertheless,
it is recommended that for further reduction of the balloon positions
in rectilinear coordinates the HDO be computed directly for GMD-1
data because it minimizes truncation errors introduced by the
computer and because HDO must be determined anyway.
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1.1.4 (Continued)

c. An alternative to computing HDO for deriving the curvilinear
coordinate Y and Z is presented in Reference 6. This alternative
introduces the parameter, F, which is evaluated in terms of the
radius of the earth, the height of the antenna above sea level,
the height of balloon above the reference sphere, and the slant
range of the balloon from the antenna:

(RE+H)2 + (RE+H+X‘)2 - R2

F = (B.16)
2(RE+H) (RE+H+X‘)

With reference to Figure 2-1 and a little manipulation, it is
readily seen that identically:

F = Cos 8

where ¢ is the internal angle at the earth's center whose arc on
the surface of the reference sphere is equivalent of the balloon's
tangential displacement from the antenna.

Because the evaluation of F requires the computation of slant range
even when it is not directly measured as with GMD-1 data, use of the
F parameter is an unnecessary compiication in the reduction of the
curvilinear coordinates.

The curvilinear coordinates, Y (positive to the east) and Z (positive
to the north), are defined by the following equations:

Y = (Rg+H) sin”! [%E%ﬁ}(—’lﬂ] (B.17)
and
2 = (R.+H) sin”) [HRO cos A, (B.18)

E R

where A is the azimuth angle measured by the antenna system. If the
F parameter is used, the term (1 - F2)1/2 is substituted within the
brackets of Equations B.17 and B.18 for the identically equal term
HDO/(RE+H+X‘).

B-8
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1.1.4 (Continued)

where T is temperature of the atmosphere in degrees Kelvin
e is the partial pressure in mb due to water vapor
and P is the total pressure of the moist atmosphere.

The similarity in the three formulae is immediately apparent and the use
of any one of them in the range of atmospheric pressures, temperatures,
and humidities makes differences of the order of .01 degrees in the
resulting values of virtual temperature. Although these differences are
small, the effect of a bias error in virtual temperature is cummulative
in the determination of balloon height from GMD-1 or in the determination
of pressure from GMD-2 data. However, the accumulated error introduced
in height is of the order of one meter or less for the summation of
thicknesses from the surface to 20,000 meters.

The first Equation, B.11, is a development of the equation of state for
the total density of the moist air, and the coefficient is derived in
calculating as precisely as possible the difference between unity and

the ratio of the molecular weight for water vapor to that for dry air
(Reference 2). In this equation, the water vapor is treated as an ideal
gas which is only an approximation. However, throughout the range of
meteorological conditions, the contribution to error by this approximation
is less than a tenth of one percent and decreases rapidly with decreasing
temperature (Reference 15).

The formula given in Equation B.12 (References 3 and 4) appears to have
been derived in applying a fixed correction value to compensate for the
fact that water vapor does not behave as an ideal gas. The references

do not give the source for, nor an explanation of, the constant coefficient
used as the correction factor. If as assumed, the additive used as a
coefficient for vapor pressure is a correction factor, its validity is

good for a humid atmosphere only in a range of temperatures close to 20°C.
At lower temperatures, the formula should revert back to that given in
B.11.

Equation B.13 presents a formula which, though similar to B.11 and B.12,
uses a coefficient for vapor pressure whose derivation is completely
obscure. References 11, 13 and 14, presenting this formula to determine
T*, give no source nor explanation of the constant used. To be equivalent
in value of T* derived from B.11, the coefficient of e should be approxi-
mately 0.3796; and to approximate the values of T* computed by B.12, the
coefficient would have to be still larger in value.

Since the equation for virtual temperature determined by B.11 produces
values of T* in the range of the "golden mean" between the values computed
by the other two formulae, it is recommended that virtual temperature be
determined by the formula of Equation B.11.
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APPENDIX C
WIND REDUCTION PROCEDURES AND DIGITAL FILTERS

1.0 WIND REDUCTION PROCEDURES

In this study, three separate techniques (see Figure C-1) were tried in

the wind reduction to provide smoothed values of the wind. The first of
these techniques named MOD-1 is a straightforward coordinate transformation
from given range (or HDO), azimuth, and elevation data. A differentiating
filter is then applied to determine the wind components and to smooth

their values in one operation.

The other two techniques both apply smoothing to the raw data before any
coordinate transformations are performed. One of these (MOD-2) then
applies the differentiation to smoothed range, azimuth, and elevation
which are then transformed directly to wind components without any
computation of rectilinear coordinates. The third method (MOD-3) applies
smoothing to raw data of range, azimuth, and elevation after which
rectilinear balloon coordinates are determined, and then straightforward
differentiation of balloon positions with respect to time gives the

wind components.

MOD-3 is the procedure currently used by MSFC in determining winds. The
MOD-2 method was originally designed to test the concept that by applying
a combined smoothing and differentiating filter to the R, E, and A data
first, all random uncorrelated errors could be eliminated prior to combining
them through the transform operation of determining the orthogonal
coordinates. This concept, despite its intent, does ngt work because the
equations to transform the time derivatives R, A, and E into X, ¥, and 2
are not free of the undifferentiated values of R, A, and E. Therefore, as
can be seen in the flow chart diagram of MOD-2, a smoothing filter must

be applied to R, A, and E prior to differentiation. As a result, the
winds determined by this procedure are almost exactly the same as those
derived by MOD-3. Figures 4-2 and 4-3 are plots of winds derived from

the same rawinsonde data and the curves for either GMD-1 or GMD-2 data
represent the results from either MOD-2 or MOD-3 wind reduction procedures.

The results from MOD-1 are close to results indicated for MOD-2 and MOD-3
except that the peaks and troughs are slightly sharper and their amplitudes
slightly greater, particularly for GMD-2 winds. MOD-1 results for GMD-1
show more random scatter of the wind data points demonstrating the mistake
of combining the individual errors in the raw data through transforming

the coordinates before any smoothing process is applied.

Because MOD-2 provides no significant improvement or difference in the winds

from those of MOD-3, and because MOD-2 is a considerably more complex
programming problem, MOD-3 is the recommended procedure for wind reduction.

c-1
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1.1 DIGITAL FILTERS

Much has been written on digital filters for both smoothing and
differentiating (References 6, 16 and 17). The various types of

filters are well discussed and their individual advantages and
disadvantages enumerated. With the assumption that the true measure-
ment of the wind and the error components are band-limited to disjoint
frequency bands, smoothing and differentiating digital filters derived
from Fourier integral theory are optimum. The Martin filters based

on a sine rolloff between the cutoff and termination frequencies are the
best of these and the most efficient in giving a specified accuracy

with the fewest number of weights.

Filters whose weights are proportional to the ordinates of the normal
curve or to binomial coefficients have transfer functions that show
modification of all frequencies in the domain since the cutoff frequency
is zero. Furthermore, they are smoothing filters only; and because
differentiating is required, it should be a distinct advantage to perform
smoothing concurrently with differentiating. For this reason, the
differentiating type of filter is of great interest. Therefore, the
Martin filter with a distinct cutoff frequency other than zero which can
be specified is recommended for use with wind reduction techniques.

Designing the correct filter for wind reduction requires knowledge of the
statistical properties of the noise or error components to be filtered
out of the data. However, such properties of the noise as variance,
serial correlation, and distribution are not explicitly known. One must
theorize as to the maximum frequencies which are significant of the true
wind field and to which the rawinsonde system will respond. This must
largely be based on observation and certain limiting factors such as the
sampling rate of the rawinsonde. Then, one can easily design the filter
to eliminate all higher frequencies.

The sampling rate of the GMD-1 of one sample per 30 seconds limits the
highest frequency that can be discerned to one cycle per minute, a wave
length of about 300 meters; the spectral power of all shorter wave lengths
is folded into the apparent power of lower frequencies. Wave lengths of
300 meters and longer, however, must be considered as "signal" or part of
the true wind field. For this reason, it is probably inadvisable to
attempt to filter GMD-1 data at all.
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1.1 (CONTINUED)

An important question to be answered before designing a digital filter

is how much of the data record length can one afford to sacrifice. The
total number of filter weights less one defines the number of data points
lost in the numerical filtering process, one half at each end of the
record. However, the greater the number of weights used, the sharper

is the delineation between passed and filtered frequencies; and it is
desirable to have sharp delineation if the limits of disjoint frequencies
can be precisely defined. If, however, there are very long wave systematic
cyclic phenomena that are inherent characteristics of the measuring sets,
such as appears to be the case for the GMD-2 winds depicted in Figures
4-2 and 4-3, it may be desirable to have a long rolloff interval so

that those frequencies that are not exclusive to either signal or noise
can be at least partially passed. A band pass filter can be designed to
handle and filter out a narrow band of frequencies but only at a heavy
cost in length of the record; and for even GMD-2 rawinsonde data, this
can hardly be afforded.

Figures 4-1, A-1, and C-2 give the response functions of various Martin
type smoothing filters which illustrate the capabilities of this filter.
Although these plots represent the response of smoothing filters, the
weights of differentiating filters are computed from the weights of a
particular smoothing set so that the response characteristics are the
same as for the smoothing filter from which the differentiating filter
was calculated.

The filters whose responses are shown in Figure 4-1 are the filters used
for the GMD-1 and GMD-2 wind profiles depicted in Figure 4-2. The
filter used for GMD-2 wind data shown in Figure 4-3 is represented by
the response shown in C of Figure C-2. No filters were used on the
GMD-1 winds.
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APPENDIX D
LIST OF SYMBOLS

Antenna azimuth angle measured clockwise from true north
An exponent whose values are computed by given formulae

A factor in reduction formulae which is assigned various
values

A constant in reduction formulae which is assigned various
values
Speed of sound in meters per second

The acute angle between the wind axis and the local
meridian, arc sin |V/2|

Baseline temperature ordinate, to nearest tenth ordinate
Humidity ordinate, to nearest tenth ordinate

Temperature ordinate, to nearest tenth ordinate

Antenna elevation angle

Base of natural logarithm raised to the power expressed in
brackets

Vapor pressure, the partial pressure in mb. due to the water
vapor content in the atmosphere

Parameter used in transforming to curvilinear coordinates
Frequency of any cyclic or wave function, cycles per second

The calibration relative humidity in percent corresponding
to 46 ordinates at a temperature of -40°C,

An intermediate relative humidity in percent prior to
application of temperature correction

Sampling rate in number of samples per second

The height of the antenna above sea level in meters
Horizontal distance out of the balloon's position

A subscript, index number of any particular data point

A dimensionless unit utilized to express index of refraction
= (n-1) x 106

Index of refraction for either visible light or for UHF
radio frequencies, a dimensionless ratio expressing a
measure of the bending of a ray

Pressure of the atmosphere in millibars
Atmospheric pressure in Kg (weight) per square meter
Atmospheric pressure in newtons per square meter
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LIST OF SYMBOLS (CONTINUED)
First approximation of pressure at next higher level in
GMD-2 pressure reduction formula

An unspecified quantity having a particular value at a data
point in a time or space series of data

Slant range distance from balloon to antenna, in meters
Local radius of the earth at mean sea level

Resistance of the temperature element at baseline
temperature

Radius of the reference sphere centered at earth's center
in meters Ry, = Re + H

Resistance of temperature element at temperature t

Latitude dependent constants used in converting geopotential
meters to geometric meters

Temperature in degrees Kelvin = t + 273.15
Virtual temperature in degrees Kelvin
Mean virtual temperature in a layer of atmosphere

Temperature in degrees Celsius; also time in seconds since
balloon release

Baseline temperature in degrees Celsius
Relative humidity in percent

Direction from which the wind blows, in degrees clockwise
from true north

Wind speed in meters per second

Vertical coordinate in meters everywhere measured along a
radial from center of the earth

Radial height of the balloon above reference sphere in meters
Smoothed values of X

Time derivative of height coordinate, dx/dt; hence vertical
speed of balloon in meters per second

Curvilinear distance of balloon to East, measured in meters
from meridian through antenna along local latitude parallel
on surface of reference

Smoothed values of Y
dy/dt, eastward component of wind in meters per second

Curvilinear distance of balloon to north, measured in meters
from center of antenna along meridian

Smoothed values of Z
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LIST OF SYMBOLS (CONTINUED)

dz/dt, northward component of wind in meters per second

The angle at the center of the earth which is subtended
by the arc length of the balloon's displacement measured
along the surface of the reference sphere

Coefficient of viscosity in newton seconds per square meter
Density of the atmosphere in kilograms per cubic meter

Density in kilograms (weight) seconds squared per fourth
power of meters

Density in newtons seconds squared per fourth power of
meters

Geopotential height in geopotential meters which are a
variable measure of length and a function of the force of
gravity and therefore of latitude and height above sea
level
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